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Edited by Horst FeldmannAbstract Telomerase is a multimolecular complex of reverse
transcriptase, RNA template, and regulatory proteins. It has
two known functions: catalysis of the addition of [TTAGGG] re-
peats to telomeric DNA and the activation of various genes con-
trolling cell proliferation. The possible coordination of these two
functions is a key issue in understanding the growth of cancer
cells. We report long-term changes to this complex system, as
shown by speciﬁc data analysis methods. We show that the
dynamics of the two functions of telomerase are tightly linked,
with a change in predominant function every 13–14 weeks. The
conservative behavior of this dynamic system probably accounts
for the persistent proliferation of cancer cells.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Telomere length, telomerase activity and cell proliferation
rate constitute a complex three-variable system, regulated by
feedback and feedforward loops. In rat Fao hepatoma cells,
this regulation results in deterministic oscillations of these
three variables, with peaks every 3–5 weeks [1,2]. This system
serves as a critical clock for all normal tissues, which undergo
cell senescence due to the progressive erosion of telomeres
[3,4]. It also accounts for the prolonged proliferation of stem
cells and tumor cells, which is made possible by telomerase-
mediated telomere repair [5–7]. Telomerase is a multimolecular
complex composed of reverse transcriptase (TERT), RNA
template, and regulatory proteins [8]. It has two known func-
tions: it catalyzes the addition of [TTAGGG] repeats to telo-
meres [9] and it activates various genes controlling cell
proliferation, including the EGF-receptor gene [10–12]. How-
ever, normal adult rat liver displays TERT activity throughout
the animal’s life, and this activity may contribute to the high
incidence of spontaneous tumors in rodents [13].
Speciﬁc analysis methods are required to determine the rela-
tionship between telomerase-related telomere repair and*Corresponding author. Fax: +33 1 69 15 49 49.
E-mail address: claire.wolfrom@ibaic.u-psud.fr (C. Wolfrom).
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doi:10.1016/j.febslet.2006.12.007growth induction in the long-term. We applied a non-linear
analytical approach to previously reported data concerning
the rate of proliferation, TERT activity and mean telomere
length in nine-months long hepatoma cell culture [1,2]. We
analyzed system dynamics separately for the longest and short-
est telomere subpopulations. We developed mathematical ﬁts
predicting the behavior of the system. We show that, in con-
trast to the dissipative behavior of the system in normal cells,
the system is conservative in hepatoma cells. We suggest that
this maintenance of the equilibrium of telomerase actions in
telomere repair and cell proliferation is essential for the persis-
tent proliferation of cancer cells.2. Materials and methods
2.1. Biological data
The protocol for Fao cell culture included 43 consecutive passages of
six days each [1,2]. On day 6, the cells were detached, counted and
transferred to new dishes at a density of 105 cells/8.5 cm dish. Prolifer-
ation rate was expressed as population doublings (PD) per passage.
Additional data for telomere subpopulation analysis. (1) For mathe-
matical analysis and to avoid diﬀerences in the deﬁnition of peak signal
(peak) on the various histograms, we analyzed the mode, the maximum
of the polynomial curve ﬁtting the bell-shaped histogram of the telo-
meric smear at each time point. The peak and the mode are almost
identical and are very close to mean telomere length. (2) The upper
and lower limits of each smear were deﬁned by the highest and lowest
100-bp intervals corresponding to at least 0.25% of total signal inten-
sity for the smear, and are associated with the longest telomeres (long)
and the shortest telomeres (short), respectively.
2.2. Mathematical analysis
In previous studies on these nine-months cultures we examined irreg-
ular short-term ﬂuctuations, which were found to be deterministic and
superimposed over various long-term trends [1,2]. In this study, we
analyzed these long-term trends, extending our analysis to telomere
subpopulations.
Data smoothing and moving averages. We ﬁrst standardized the
experimental data so that the three variables: the DNA length of var-
ious telomere subpopulations (peak, mode or mean, short, long), telo-
merase activity (tert) and cell proliferation rate (p), were expressed
with similar scales (=1.1 to 1.2), and no units, by subtracting the
mean and dividing the data by the standard deviation in each series.
We then looked for long-term trends in these standardized time series
by reducing the inﬂuence of short-time scale ﬂuctuations by smoothing
the data, using a moving average (MA). This ﬁltering technique
involves the successive calculation of the average of n data, sliding
the (n) window by one unit for each step. Preliminary studies deter-
mined the size of the data window for averaging, as a function of
the frequency of ﬂuctuations, to ensure eﬃcient smoothing with suﬃ-
cient ﬁnal data points. Finally, MA were established on sets of sixteen
data points, giving 28 time points from the original 43 data points for
proliferation and telomere length, and 26 points from the original 41
data points for telomerase activity.ation of European Biochemical Societies.
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tionships between the MA of standardized variables. Statistical analy-
sis: the data sets were small, and the distributions of the three variables
(Shapiro–Wilk’s normality test) were not normal at the 0.05 level. Fur-
thermore, telomere length data are necessarily autocorrelated during
consecutive passages. We therefore used non-parametric Spearman’s
rank correlation tests.
We then studied the relationship between the two major functions of
telomerase. By analogy with a physical system that can perform work
(force · displacement), we used combined data to provide a long-term
portrait of each biosynthetic pathway: telomere repair, expressed as
[MAtelo ·MAtert], and induction of cell proliferation expressed as
[MAp ·MAtert]. We extended the analysis to infer the dynamic prop-
erties of the system.3. Results and discussion
The moving averages of telomerase activity, proliferation
rate, and telomere length (peak), (MAtert, MAp, MApeak),
are displayed in Fig. 1(A–C). The dynamics of telomere length
followed a pattern of change opposite to that for the dynamics
of telomerase activity and cell proliferation. The changes in
MA over time for the various parts of the telomeric smear
(peak and short) showed that most telomeres displayed similar
variations (Fig. 1C). In contrast, the variations of the popula-
tion of the longest telomeres (long) displayed diﬀerent dynam-
ics (Fig. 1D).
Cell proliferation (p) and telomerase activity (tert) were pos-
itively related (r 0 = 0.65, p < 0.01). Strong negative relation-
ships were identiﬁed between telomere length and p and
tert, for the peak and short telomere lengths (r 0 = 0.94,
p < 0.01; r 0 = 0.96, p < 0.01 for peak, and r 0 = 0.97,30
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Fig. 1. Moving averages (MA) of standardized data: (A) MA of telomerase a
telomere length sub-populations peak and short (MA peak: closed diamon
population long (MAlong). Insets: the 43 experimental data points for telo
doublings/passage) [1], and peak telomere length (kb).p < 0.01; r 0 = 0.88, p < 0.01 for short). In contrast, long telo-
meres (long) were found not to be related to p (r 0 = 0.37) or
tert (r 0 = 0.03). There was also no clear relationship between
long telomeres and the peak (r 0 = 0.41, p  0.05) or short
(r 0 = 0.41, p  0.05) telomeres. The opposite patterns of
change in telomere length and cell proliferation related to tel-
omerase activity for peak and short telomeres are clear in
Fig. 2A, B and D, contrasting with the very diﬀerent pattern
obtained for the longest telomeres (Fig. 2C).
These relationships between individual variables are similar
to those found in other cell models. The quiescence of cells
with very long telomeres, including all stem cells and adult
rat hepatocytes, suggests there may be a negative relationship
between telomere length and proliferation. Conversely, critical
shortening of the telomeres induces reactivation of the repair
enzyme telomerase in Fao cells [2] and other tumor cells
[14,15], rather than chromosome fusion and cell senescence
as in normal cells [3,4,16,17]. This dual control suggests that
the persistent proliferation of tumor cells requires telomere
length to be restricted to a given range of values. Telomeres
are about 7–13 kb long in Fao hepatoma cells. The repair
activity of telomerase is limited by telomeric proteins, includ-
ing TRF1, TRF2, and single-stranded DNA-binding protein
POT1 on the telomere terminus [9,18–21]. In particular, telo-
meric proteins control telomere unwinding by RecQ helicases,
thereby regulating telomerase access to DNA [22,23]. Alterna-
tively, the regulation of TERT expression during cell culture
may account for this negative relationship.
The positive relationship between TERT and Fao cell prolif-
eration is consistent with reports describing: (i) the activation
of genes encoding proteins that control cell proliferation,30
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Fig. 2. Relationships between telomerase activity and other variables. x-Axis: telomerase activity (MAtert); y-axis: (A) changes in short telomeres
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C. Wolfrom et al. / FEBS Letters 581 (2007) 125–130 127including EGF-R, by the catalytic component of telomerase
[10,11]; (ii) growth stimulation due to telomerase RNA [12].
Mapping [MAtert ·MAp] against [MAtert ·MAtelo] pro-
duced an intriguing ﬁnding, the respective positions of the
‘‘proliferative function’’ and the ‘‘DNA repair function’’ of telo-
merase being shown at each time point (Fig. 3). The 26 succes-
sive smoothed data pairs form an orbit with three separate,
regular loops, leaving and returning to a central equilibrium
point. A similar pattern was obtained for all three telomere
data sets, Fig. 3A, B, C: peak, mean, and short. The two func-
tions of telomerase, addition of [TTAGGG] repeats to telo-
meres and activation of genes controlling cell proliferation,
therefore appear to be highly coordinated, as their oscillations
are coupled so as to progress from the extreme of one function
to the extreme of the other function. This orbit resembles a
sinusoidal spiral, a mathematical function generating a regular
multifoliate image and reﬂecting complicated pendulous
dynamics. In a mechanical analogy, such a phase portrait
arises for an oscillator swinging between two wells, every eight
to nine points, corresponding to 13–14 weeks. The duration of
the oscillation may be determined by the rates of telomere
shortening and re-lengthening and the maximum and mini-
mum telomere lengths compatible with unlimited proliferation
of hepatoma cells. Other enzymes such as Escherichia coli
PutA ﬂavoprotein [24] and liver DcoH-pterin dehydratase
[25] are known to have both catalytic and transcription regula-
tor activities. However, little is known about the regulation ofsuch dual functions. In the case of telomerase, mechanical re-
lease from the telomeres may regulate the availability of telo-
merase for cell growth activation. Our data suggest that
most telomeres (short and peak) are involved in these balanced
dynamics.
In contrast, the relationship between [MAtert ·MAp] and
[MAtert ·MAlong] displayed much less ordered dynamics
(Fig. 3D). The speciﬁc role, if any, of the very small population
of the longest telomeres is unclear. It should be noted that the
100 bp-interval at the uppermost end of the range accounted for
less than 0.5% of total signal intensity on the smear. The tran-
scription of some eukaryotic genes depends on their location in
heterochromatin, due to control by an activator on the folded-
back end of the telomere [26,27]. Small decreases in the length
of the longest telomeres may change such controls indepen-
dently of the dynamics of the rest of the telomere population.
We tried to identify the mathematical features underlying
this two-dimensional portrait. Let us consider certain paramet-
rizations of our time series. We ﬁrst considered the telomere
length time series. In Fig. 4A, we show the MAtelo (mode) data
could be ﬁtted with a constant plus sine wave curve:
Fit½MAtelo ¼ 0:03þ 1:02 sinð2pðt  14:60Þ=T Þ;
with T ¼ 36:40:
This curve ﬁts the experimental data very closely. For the sake
of the mathematical analysis, let us assume that the time series
would display periodic behavior with this value of T if it were
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assumption of periodicity must also apply to the other time
series, simply because of coregulation. We therefore work with
periodic ﬁtting functions with a period T = 36.4. Functions of
this type can be expanded as Fourier series: as sums of sine
waves for periods T, T/2, T/3, etc.
Within this framework, we will now consider the telomerase
activity time series. As a single sine wave did not give a good
ﬁt, we extended the parametrization to a two-sine wave curve,
thereby expanding the Fourier series further. Fig. 4B shows the
data ﬁtted with the following curve:
Fit½MAtert ¼ 0:05þ 0:47 sinð2pðt þ 6:44Þ=T Þ
þ 0:15 sinð4pðt  0:50Þ=T Þ:
The inclusion of the second sine wave is clearly necessary for
an acceptable ﬁt.
Finally, we treated the data for the proliferation time series.
For these data, even curves with three successive sine waves in
the Fourier series (of periods T, T/2 and T/3) did not give a
good ﬁt. However, examination of the data revealed a detailed
structure with reﬂection symmetry leading to a sign change if t
was increased by T/2. We imposed this symmetry on our ﬁtting
function, by retaining only terms with periods of T, T/3, T/5,
etc. Such curves gave a much better ﬁt, as shown in Fig. 4C
forFit½MAp ¼ 0:08þ 0:52 sinð2pðt þ 2:07Þ=T Þ
þ 0:08 sinð6pðt þ 0:81Þ=T Þ
þ 0:07 sinð10pðt  5:88Þ=T Þ:
We then considered the two-dimensional portrait generated by
these ﬁtting functions. The results obtained are shown in
Fig. 4D, on which we have also indicated the position of the
ﬁtting functions at certain time points, to make the nature of
the trajectory clearer. We have also extended the trajectory
beyond the 26th time point (the last point for which we have
experimental data), to predict the behavior of the data if the
data series were to be extended. This synthetic portrait closely
matches the original data (see Fig. 3A), with the two loops
furthest to the right passed through in opposite directions.
Interestingly, if just one or two sine waves are used blindly
in the Fourier representations of our functions, these loops
are executed in the same direction; it is thus the reﬂection
symmetry imposed on the proliferation data that changes the
relative orientations of these loops.
Our two-dimensional analysis of the system in Fao cells
shows that deterministic long-term dynamics underlie the
short-term oscillations of the variables. Fitting sums of sine
waves of period T to the time series data gave an idea of what
the full two-dimensional image would be if the time series were
extended. The starting point of our mathematical analysis was
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C. Wolfrom et al. / FEBS Letters 581 (2007) 125–130 129the assumption that the time series were periodic. This led to
the generation of a Fourier series representation, which
worked very well, especially when the conjectured symmetry
of the proliferation data was incorporated. In particular, it
gave the correct orientation of the loops, a feature not
obtained without the incorporation of such symmetry. These
results strongly suggest that our two assumptions of periodic-
ity and symmetry are valid for this biological system. The per-
iod T, which was extracted from the ﬁt to the MApeak data
and accurately ﬁtted the other two parameters, was 36.4 time
points, corresponding to about 314 days.
The corpus of recent studies shows that telomerase is pres-
ent, with variable maintenance of telomere length, in all tissues
containing cells which have to maintain a high division poten-
tial. This holds true for stem and transit cells and for cancer
cells (reviewed in [28]). A major diﬀerence between stem and
cancer cells is that stem cells actively divide only in response
to demand, to replace much needed lost cells, whereas cancer
cells divide in an unlimited manner. We propose that the
long-term periodic coordination of the telomere repair and cell
growth activation functions of telomerase underlies the persis-tent proliferation of Fao cells, which have been studied in lab-
oratories as a model of hepatoma biology for many years, and
that a similar circular-cycling mechanism underlies the auton-
omy and robustness of many cancer cell population dynamics.
If this is the case, the remarkable antitumoral eﬀects of inter-
mittent low-dose AZT treatment [29] might be explained by
the dampening of this oscillatory conservative behavior,
returning the cells to normal dissipative dynamics.
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